Bt cotton (event Cry1Ac) was formally commercialized in Pakistan in 2010. However, there has been an increasing trend of planting unauthorized Bt cotton germplasm in farmers' fields since 2003 with a high rate of adoption in the core cotton areas especially in the province Punjab. The transgenic cotton technology has provided the growers with substantial economic benefits and has reduced their dependence on pesticides for pest control, especially against Helicoverpa armigera (Hubner). However, keeping in view the capacity of this insect to develop resistance against novel chemical formulations, it is easily speculated that Bt toxin, too, is no exception. Refuge crop policy for mono transgenic crop events has helped in delaying the rate of resistance evolution in the target pests. Thus, in Pakistan, where planting of structured refuge crops along Bt cotton fields is not mandatory, the effectiveness and durability of Bt cotton technology may decrease due to a number of factors which are discussed in this review.
INTRODUCTION
Pakistan is the fourth largest producer of cotton (Gossipium L.) after China, USA and India (A b i d et al. 2011 ). Over 15% of Pakistan's total cultivated area is devoted to this crop, whereas nearly 26% of all farmers grow cotton. Cotton contributes 6.9% of the value added in agriculture and about 1.4 % to GDP (Anonymous, 2011) . The insect pests, particularly the cotton bollworm (CBW), Helicoverpa armigera (Hubnar), has been a major yield retarding factor till recent past which resulted in an extensive application of pesticides, especially organophosphates and pyrethroids, in cotton to control CBW. In Pakistan, cotton alone consumed 70% of total pesticides.
The practice of often indiscriminate and heavy use of pesticides due to a rising pest pressure and an increasingly ineffectiveness of pesticides due to the development of resistance in target insects, especially CBW, resulted not only in an economic burden for the resource of poor farmers but also caused environmental pollution.
Globally, the resistance in Helicoverpa sp. to synthetic pesticides began to appear in the late 80s and early 90s, which led to the research on developing an inbuilt plant mechanism of producing a lethal toxin against this pest through plant physiology. The result was the development of Bt cotton which expresses a variety of genes derived from a soil dwelling bacterium Bacillus thuringiensis Berliner (Bt). Bt cotton has proved an effective tool in reducing the damage by Helicoverpa armigera substantially, which ranged up to 80% of the yield loss in cases of severe infestation. The transgenic cotton was first commercialized in the USA, Australia and Mexico in 1996, to be followed by China (1997 ), South Africa (1998 , Argentina (1998) 
The refuge crop concept
In order to thwart off the threat of resistance evolution in Helicoverpa armigera, Bt plants are made to produce the protoxin Bt in concentrations high enough (LD 99 ) to ensure the mortality of the target pest. Moreover, a refuge crop policy is also adopted to provide a susceptible population of H.armigera.
The high dose/refuge crop strategy stipulates the production of insecticidal toxin in high concentration to ensure the mortality of the target insect in a setup of cotton cultivation where the cotton field is surrounded by a set limit of growing non-Bt cotton/other host plants of H.armigera as refuge. The susceptible insect population from the refuge crops, if synchronized in time and dimension, may help to produce heterozygous susceptible individuals. Thus, the refuge crop reduces the selection pressure upon the target pest and extends the effective life period of Bt cotton (H u a n g et al. 2006 ).
In the USA, the planting of Cry1Ac cotton was mandated with a compulsory refuge crop of conventional cotton which consisted of a 20% sprayed or 5% unsprayed conventional cotton area. Although the determinations of 5-20% of the crop area necessitate separate evaluations for the area-to-effectiveness relationship; however, this model of high dose/refuge crop is adopted in many countries for mono transgenic crop events, such as in Australia for Ingard® (Cry1Ab), for Cry1Ab maize in Puerto Rico and South Africa, and for Cry1Ac cotton in India.
In Australia, the farmers choose among the five different refuge options (sprayed conventional cotton, unsprayed conventional cotton, sorghum, maize, or pigeon pea), each with a different area determined by the relative productivity of the refuge. The planting of the refuge crop has been strictly monitored in the USA and Australia where the rate of compliance has been 82% and 80% respectively for Cry1Ac cotton. However, Heliothine pests of cotton rapidly respond to novel chemical and biological formulations used for their control (A l i , 2009). The Bt toxin is not an exception. Many studies have reported the inherent less susceptibility of Helicoverpa armigera to Bt toxins as compared with other insects of the same order (L i a o et al. 2002) and the bollworm's potential to buildup resistance against Bt cotton in controlled field conditions has been documented (D o w n e s et al. 2007; W u , 2007) . Due to this reason, a number of cases regarding the evolution of resistance in Helicoverpa armigera are reported from the USA and Australia, too, though the high dose/refuge crop strategy was implemented with the required protocols there. The extraordinary capability of the Helicoverpa species to develop resistance against the chemicals used for its control is exhibited by the incidence of decrease in its susceptibility to Cry toxin (C a r r i e r e , 2010; D o w n e s et al. 2010; F i t t , 2008) .
Similarly in South Africa, a mono transgenic event carrying the cry1Ab gene to control the maize stem borer (H.armigera) was commercialized with a stipulated condition of setting up a 20% refuge crop by growers. However, due to non-compliance to the refuge requirement, planting of GM maize on large acreages and the absence of sufficient natural refuge crops have resulted in the development of resistance in Helicoverpa armigera against Cry1Ab toxin.
The frequency of cases of resistance evolution is very high from the countries where the planting of mono transgenic crop events has been with a disregard/ non-compliance to the refuge crop set up (Table 1) . The frequency of instances of surviving Helicoverpa armigera larvae on the Bt crop indicates the gradual accumulation of resistance alleles in the populations exposed to Bt crop cultures, especially in situations where the selection pressure is intense due to no or insufficient presence of the refuge crop hosts.
However, the proponents of natural refuge plants argue that the strategy of structured and non-structured cotton/non-cotton refuge crops does not take into account other aspects of the pests' biology that may influence the ability of the refuge to dilute resistance alleles, such as oviposition preference by female Helicoverpa armigera moths due to the presence of allelochemicals in the new varieties of cotton and alternate host crops. The refuge crop strategy is also debatable in the context of the regional cropping pattern and may not serve the same purpose for every country because of the difference in the production environment, high diversity of cultivated crops, and land fragmentation.
Thus, in China a natural/zero refuge policy for Bt cotton (the mono transgenic cotton event Cry1Ac) was adopted to take advantage of the high mobility and active foraging of Helicoverpa armigera on a large number of alternate host plants, weeds and crop remnants. This insect can be found on more than 180 plant species other than cotton, including many of the major pulse crops, many vegetables as well as both dicotyledonous and monocotyledonous species (R a nj i t h et al. 2010) . In China, due to land fragmentation and cultivation of a large variety of plants along with cotton fields, natural refuge plants support a larger population of Helicoverpa armigera than cotton (W u et al. 2002) . The populations from these non-cotton hosts provide a substantial population of susceptible moths which dilutes the resistance allele frequency in the surviving population from Bt cotton (P A R C , 2008; H u a n g et al. 2010 ). However, in China in some regions where Bt cotton was planted extensively with less available alternate host crops, such as Xiajin County in Shandong province, tolerance to Bt cotton is reported to increase due to the incessant accumulation of common minor resistance genes in the natural populations of cotton bollworms. In some areas in southern Xinjiang Uygur Autonomous Region in China where the proportion of the area under cotton has reached 90% and alternate host plants are comparatively scarce, the risk of resistance evolution in CBW is highest.
In Pakistan planting of Bt cotton has been in practice, albeit in patches, across the cotton zone since 2003. The lack of regulatory biosafety rules and regulations as well as the absence of a field monitoring system resulted in a flush of illegal Bt varieties in the cotton growing regions. The illegal varieties contain the stolen Bt gene inserted into domestic cotton varieties by using the original Bt cotton as parental lines followed by random selection method. As reported by S h a u k a t et al. (2010) for commercial cultivation. In the current cotton year 2012-13, more than 95% of the area of the total cotton acreage of 3.2 million hectares in Pakistan is under Bt cotton, which was mere 0.093 million hectares in 2005-06. While discussing the lack of refugia and resistance management in India, Dr K. R. Kranthi (K r a n t h i , 2011) warned that with 90% of the cotton area under Bt, resistance will develop sooner or later as there are reported cases of resistance evolution in Helicoverpa armigera from different cotton growing regions in India.
The purpose of this review is to analyze the factors which may determine the success or failure of the natural refuge policy for Bt cotton in Pakistan, especially in the cotton zone in Punjab which contributes more than 80% to the total cotton area. The aim was also to evaluate the magnitude of abundance (or absence) of alternate host plants required for the dilution of resistance allele frequency in Helicoverpa armigera (Hub).
A successful adoption of bt cotton in Pakistan
Pakistan is the 9 th country that adopted GMO or transgenic crop cultivation (TCC) and so far Bt cotton is the only GM crop which has been formally commercialized in the country. Field trials and evaluations for other transgenic crops, such as GM potato, rice and maize, are in progress at different stages in various research institutes.
In the cotton sector, the adoption of Bt cotton has provided with proven financial gains for the farmers and the textile industry. The consumption of pesticides on the cotton crop has been drastically reduced (Figure 1 ).On average; there are 3-4 sprays in Bt cotton fields as compared with 12-13 sprays on conventional cotton varieties. In 2010-11 (July-March), the cotton acreage and production in bales decreased by 13.4% and 11.3%, respectively. The reduction in acreage was in part due to the cultivation of other more profitable crops such as rice and sugarcane, extensive damage by sucking insect pests, and the spread of Cotton Leaf Curl Virus (CLCV) disease in many cotton areas. Besides, there were devastating floods in Punjab and Sindh where thousands of acres of the cotton crop were washed away. However, despite these odds, the cotton yield rose by 2.4%/ha. This increase is attributed to the growing of Bt cotton. In 2011 the adoption of Bt cotton resulted in a promising growth with >135 million bales produced, i.e. the productivity of the cotton crop rose by 18.6%, although the increase in area under cotton crop was merely 5.4%. At the same time, the consumption of pesticides decreased by 38%. Evidently, the farmers gained economic benefits from the increase in yield/ha and from less expenditure on pesticides. The gains become even higher due to the cheaper price of Bt cotton seed, which ranges between 25-30$/5 kg. This cost per kg of Bt seeds is approximately 14% higher than for the conventional varieties. However, it is nominal as compared with the Indian market where in the initial phase of commercialization Bt seeds were 3 times more expensive than nonBt seeds (PARC., 2008) .According to K o u s a r and Q a i m (2012), the gross profit per acre of Bt cotton, including all financial, health and environmental benefits, is US$204, which translates into US$1.7 billion for the entire Bt cotton area in Pakistan.
Although the increase in productivity and efficiency of the Bt cotton crop against Helicoverpa armigera is promising so far, but the history of the corelation among cotton, pesticides and Helicoverpa armigera in Pakistan reveals that there is a reason to be concerned about the sustainability and efficacy of Bt technology, especially due to the following factors:
I. Extensive Bt cotton acreage II. Non-synchronization of the populations from various host plants III. Scarcity of preferred refuge plants IV. Prevailing illegal Bt cotton varieties These factors are described with respect to the cotton growing regions of Pakistan, particularly the four core cotton districts.
a. Extensive cultivation of Bt cotton with
a comparative small area for refuge crops In Pakistan, refuge establishment is not mandatory and a natural refuge policy for Bt cotton is adopted, as has been the case in China. Areas of other host crops of Helicoverpa armigera such as maize, sorghum, tobacco, potato, okra, brinjal, pulses, and sunflower have been considered as sufficient to supply the susceptible population of Helicoverpa armigera.
However, the cropping landscapes in the cotton growing regions in China and Pakistan vary greatly. In China, the agricultural land is highly fragmented and a diversified pattern of different crops and weed hosts exists abundantly. At the county level, the cotton acreage is comparatively small as compared with the aggregated existing crop variety. The cropping pattern during the cotton crop season in Pakistan is also accompanied by the growing of other host crops; however, the acreage of alternate host plants is low as compared with the cultivated cotton area at the village level, especially in the cotton zone in Punjab. The zone expands over Punjab and Sindh provinces (Fig. 2) . In 2012-13, the area of Bt cotton in Punjab is 2.56 million hectares and thus it covers approximately 62.59% of the Kharif (summer) crop area. The area intensity of cotton crop becomes more than 80% in the core cotton districts viz Bahawalnagar, Bahawalpur, Rahim Yar Khan and Vehari which comprise 42% of the total cotton acreage in Punjab (Fig. 3) . The area of non-host crops, i.e. rice and sugar cane, is also shown to highlight the comparative area covered by Bt cotton. Due to intensive cultivation of Bt cotton in these districts, the combined area under alternate major host crops which overlap is far less than the Bt cotton area.
b. Non-synchronizing moth populations
from various host plants. The growing period of a number of host crop plants (e.g. maize, brinjal, ochra, legumes and other vegetables ) overlaps with that of the cotton crop and thus they may function as natural refuges for the American bollworm (W u et al. 2007; L i u et al. 2010 ; K r u g e r et al. 2009 ). In the presence of sufficient natural refuge crops during summer, subpopulations of Helicoverpa armigera develop through the first generation on spring weeds, winter legumes and on early sown sorghum or sunflower. At this time, the populations are relatively synchronized, but later in the summer a considerable overlap of generations occurs. The next 3-4 generations occur on cotton, although subpopulations will also be breeding on sorghum, maize and legumes over the summer. Hence, at any one time the Helicoverpa armigera population occurs as a complex mosaic of subpopulations developing on many host plants, at slightly different rates, with differing levels of mortality and fitness effects on the future fecundity as well as with considerable adult movement linking all subpopulations (D i l l o n et al. 1996) .
The concentration of Bt cotton crops in the four major cotton growing districts features mono cropping over vast tracts of agricultural land. According to the model presented by K r a n t h i et al. (2005), if the area under Bt cotton gets reaches 70-80% within a 100-200 kilometre radius, there is the highest probability of development of resistance in Helicoverpa armigera and the failure of the Bt cotton crop in 3-4 years. In the district of Bahawalpur, cotton crops cover 82% of the cultivated area during the summer season and thus the area covered by other crops is only 18%, which shrinks even further for the crop plants which may act as alternate hosts (T a h i r , 2009) .
Moreover, the crop phenology in the cotton zone exhibits insufficient availability of susceptible insect populations from alternate host crops.
The presence of Bt cotton in the field for a longer time period (March-December) continuously exposes multiple generations of H.armigera to the selection pressure.
The availability of adult moths of Helicoverpa armigera from non-cotton refuges, however, does not seem to synchronise with any resistant individuals emerging from the cotton fields (Figure 4) , given that Helicoverpa armigera attacks mid to late age cotton plants. The major source of alternate refuge plants includes conventional cotton, maize, sorghum and pearl millet. The crop phenology indicates that the provision of the population of susceptible moths is possible only from 1-2 hosts exclusively at a particular time of the Bt cotton crop season, i.e. from sorghum in May and June, while from pearl millet/maize during August, September and October. It must be noted that these crops are of short duration and the early periods of crop growth (until Helicoverpa moths may lay eggs on them) and the fallow period/land preparation also shorten the period of sustaining a susceptible population of Helicoverpa sp. Moreover, the aggregate area under these major alternate host crops is far less than 10% of the Bt cotton area as shown in the above Fig. 3. 
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c. Scarcity of preferred refuge plants
Female Helicoverpa armigera moths exhibit oviposition preferences on different hosts. According to L i u et al. (2004) , female H.armigera larvae showed the highest egg-laying rate after feeding on cotton followed by corn, common bean tobacco, tomato, and hot pepper. The body weight, net reproductive rate and host suitability were the highest for cotton, along with the longest larval developmental stage on cotton. The results indicate relatively high nutrition in cotton as compared with the other host plants.
Cotton> Maize> Common Bean> Tobacco> Tomato> Hot Pepper Due to an overwhelming presence of Bt cotton monoculture over a large area in the cotton zone in Punjab, the oviposition choice for the target insect is strictly limited to Bt cotton. Given the adoption rate and area under Bt cotton as compared with other host crops in these four districts, the moth population from non-Bt cotton must be minimum, which is contrary to the optimum condition for resistance management in CBW (C a r r i e r e et al. 2003 ; C a r r i e r e et al. 2004; W u et al. 2008 ; H u t c h i s o n et al. 2010) . H e a d et al. (2010) concluded that in areas with extensive Bt cotton crops, refuges of non-Bt cotton play a minor role in the management of resistance to Bt cotton.
d. Prevailing illegal Bt cotton varieties
The variation in toxin production is a proven fact where the quantity of the toxin tends to decline as the plant matures. Other factors, such as nitrogen availability, temperature, humidity, inherent defence of the parent germplasm against pest attack, and soil pH, also affect toxin production. The exposure to sub-optimal LD 99 will greatly enhance the rate of development of the tolerance in the target population of Helicoverpa armigera. This inherent feature of Bt cotton technology, along with prevailing illegal Bt cotton germplasm in the farmers' fields, indicate a high probability of resistance evolution in CBW in the cotton growing areas in Pakistan. According to a survey by the Pakistan Agricultural Research Council (P A R C , 2008) [34], 40 percent of Pakistan's cotton region was sown under illegal Bt cotton varieties. It also revealed that there were almost 40 Bt varieties, mostly with unknown genetic background. A high variation in the quantity of the toxin produced was also observed. Currently, many companies sell the illegal Bt varieties under various denominations such as Bt A1, Bt SJ1, Bt 555, Bt 886, Bt 905,Bt 986, Bt Tarzan 1,Bt Tarzan 2, etc. Such illegal Bt varieties are from exotic sources and are given to farmers for cultivation without validating the purity, performance and proper production technologies according to the local environment. Farmers, who are mostly small farmers, are not so much aware of the harmful effect of these illegal untested varieties on their health and soils.
The factors such as a longer persistence of the Bt cotton crop, monoculture in the cotton zone, illegal Bt varieties as well as insufficient availability of overlapping generations of Helicoverpa armigera from non-cotton refuges greatly enhance the rate of development of resistance in the target insect (W a rd h a u g h et al. 1980; F i t t et al. 1996 ; S e q u e i r a et al. 2001 ; G r e e n et al. 2003) .
Need for a structured refuge crop policy the agricultural landscape of Pakistan resembles most that of India due to the resemblance in the fragmentation of land and the intensity of various crops grown. Similar weather and soil conditions in the two adjacent cotton growing regions of Punjab in India and Pakistan offer an opportunity to examine the factors which compelled the Indian Ministry of Agriculture to adhere to a structured refuge policy up to . From 2002 , the Indian Government bound every seed seller to enter into a contract with the purchaser of Bt cotton seed for the establishment of non-Bt cotton hybrids on at least 20% of the Bt cotton crop, or else there must be at least 5 rows of conventional cotton crop surrounding the Bt cotton area. It was mandated to prevent the development of resistance in H.armigera. However, the minimal compliance to this refuge policy by the farmers has resulted in reports of resistant individuals from various cotton growing regions in India.
In the new policy of Mix bag refuge, 5% of seeds of a conventional hybrid are provided separately in a small pouch found in the sale packet of Bt seed. It is based upon the idea that the planting of conventional seeds will provide a sufficient population of conventional plants in a Bt cotton field which may support a significant population of susceptible larvae of Helicoverpa armigera (Hub).
A similar policy must be adopted for the success of Bt cotton technology in Pakistan because the structured refuge policy for mono transgenic events have a proven success in different countries. The success of Bt mono transgenic technology in these countries have been the result of compliance to the refuge crop establisment by the farming community. This has helped to maintain the susceptibility of Helicoverpa armigera to the Bt toxin and after about 17 years of the commercialization of Bt events, the susceptibility of Helicoverpa armigera populations in these countries is still maintained. The natural refuge policy for Bt cotton (Cry1Ac) have resulted in a number of incidences of resistance development in target insects (W a n et al. 2012) . It is in spite of the fact that the Chinese agricultural landscape offers a greater diversity and abundance of alternate host plants for the target insect.
The Bt cotton area in the cotton zone in Punjab well surpasses the combined area under natural refuge vegetation. The area becomes even more insufficient during the phases of harvest, fallow, land preparation and the early period of plants' growth until they become the available sites for female Helicoverpa armigera for egg laying. It is evident from the crop phenology and the cropping pattern in the cotton zone that at any given time of the year, the area under the natural refuge vegetation falls below 20% of the Bt cotton area in the effective refuge area (the area of foraging and egg laying by female Helicoverpa armigera moths). The insufficient density and large acreage under alternate host crops indicate that the resistance, when developed in a local population of Helicoverpa armigera, will rapidly spread across the cotton zone.
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